Objective: Aroma is the core factor in aromatherapy. Sensory evaluation of aromas differed among three sweet osmanthus (Osmanthus fragrans) cultivar groups. The purpose of this study was to investigate the aroma-active compounds responsible for these differences. Methods: Gas chromatography-olfactometry (GC-O) and GC-mass spectrometry (GC-MS) were used to analyze the aroma-active compounds and volatiles of creamy-white ('Houban Yingui', HBYG), yellow ('Liuye Jingui', LYJG), and orange ('Gecheng Dangui', GCDG) cultivars. Results: Seventeen aroma-active compounds were detected among 54 volatiles. trans-β-Ocimene, trans-β-ionone, and linalool, which were major volatiles, were identified as aroma-active, while cis-3-hexenyl butanoate, γ-terpinene, and hexyl butanoate were also aroma-active compounds, although their contents were low. Analysis of the odors was based on the sum of the modified frequency (MF) values of aroma-active compounds in different odor groups. HBYG contained more herb odors, contributed by cis-β-ocimene and trans-β-ocimene, while LYJG had more woody/violet/fruity odors released by trans-β-ionone, α-ionone, and hexyl butanoate. In GCDG, the more floral odors were the result of cis-linalool oxide, trans-linalool oxide, and linalool. Conclusions: Aroma-active compounds were not necessarily only the major volatiles: some volatiles with low content also contributed to aroma. The aroma differences among the three cultivars resulted from variation in the content of different odor groups and in the intensities of aroma-active compounds.
Introduction
Sweet osmanthus (Osmanthus fragrans) is an important ornamental plant of the family Oleaceae (Yuan et al., 2011) . It is widely distributed in China, Japan, Thailand, and India, and was introduced in Europe late in the 18th century (Zang et al., 2003) . Owing to their pleasant scent and biological properties, sweet osmanthus flowers are not only used as natural and functional food flavor additives (Wu et al., 2009 ), but also have potential medicinal value (Tsai et al., 2007; Lee et al., 2011; Hung et al., 2012) . The sensory perception of the aromas in the Albus (former O. fragrans var. latifolius), Luteus (former O. fragrans var. thunbergii), and Aurantiacus (former O. fragrans var. aurantiacus) groups has been described as variable (Hu et al., 2012) . Since aroma is the core factor in aromatherapy applications (Buchbauer et al., 1993) , understanding the differences among sweet osmanthus cultivars has become one of the primary goals to improve the value of sweet osmanthus in commercial aromatherapy applications. Volatiles have been determined by gas chromatography-mass spectrometry (GC-MS) to reveal the aroma differences among sweet osmanthus cultivar groups, but different extraction methods might affect volatile composition (Zhu et al., 1985; Wang et al., 2009; Hu et al., 2012) . Solid-phase microextraction (SPME), a simple, rapid, sensitive, and solvent-free technique for flower aroma analysis, is considered largely to retain the natural aroma (Montero-Calderón et al., 2010) . Using SPME, Xin et al. (2013) found a high degree of similarity in aroma characteristics within the same cultivar group, and that the high relative contents of cis-and trans-linalool oxide (furan), trans-2-hexenal, and cis-3-hexen-1-ol might affect the aromas of sweet osmanthus. Cao et al. (2009) suggested that the different relative contents of linalool, α-ionone, β-ionone, ocimene, and γ-decalactone in Albus, Luteus, and Aurantiacus cultivar groups led to variable aromas. However, the odor contributions of these volatile compounds in sweet osmanthus were not clear.
GC-MS is useful for qualitative and quantitative analyses of aroma profiles, but it does not provide an accurate indication of aroma as it does not record odor perceptions (Miyazaki et al., 2012) . GC-olfactometry (GC-O) is an essential tool to study the contribution of aroma-active compounds (van Ruth, 2001 ), simultaneously detecting volatiles and using human assessors to sniff and describe their odors (Sides et al., 2000) . It has been widely used to identify aromaactive compounds in many species such as Crocus sativus (Culleré et al., 2011) , Laurus nobilis (Kilic et al., 2004) , and Chrysanthemum coronarium (Zheng et al., 2004) . However, to our knowledge, there is no report comparing aroma-active compounds of different sweet osmanthus cultivars by GC-O.
Here we investigated the volatiles and aromaactive compounds of three sweet osmanthus cultivars, which have high economic value in the central region of China (Zhou et al., 2006) . The semi-quantified results obtained by GC-MS and the aroma contributions analyzed by GC-O will provide useful information for the application of different sweet osmanthus cultivars in biomedical science, and will be helpful for further biotechnological research on the aroma of sweet osmanthus.
Materials and methods

Plant materials
Fresh flowers of three sweet osmanthus cultivars, at full flowering stage, were harvested in the nursery of Huazhong Agricultural University (Wuhan, China) in September 2012, between 7 a.m. and 9 a.m. The orange-flowered 'Gecheng Dangui' (GCDG) is from the Aurantiacus group, 'Houban Yingui' (HBYG), with creamy-white flowers, is from the Albus group, and 'Liuye Jingui' (LYJG), with yellow flowers, is a member of the Luteus group (Fig. 1) . Collected flowers within each cultivar were mixed well and divided into 2 g samples. All samples were immediately put into airtight polyethylene bags, frozen and stored at −20 °C prior to analysis (Xin et al., 2013) . Three biological replicates of each cultivar were used in each experiment. 
Standards and solvents
The n-alkane standards (C 8 -C 20 ), methyl laurate as internal standard, and the referenced authentic standards including trans- 3-hexenol, β-myrcene, 4-hexen-1-ol, acetate, 3-carene, limonene, cis-β-ocimene, trans-β-ocimene, γ- 2.3 SPME extraction SPME fibers (50/30 µm divinylbenzene/carboxen/ polydimethylsiloxane (DVB/CAR/PDMS) on a 2-cm StableFlex fiber, Supelco Bellefonte, PA, USA) were used to collect and concentrate the aroma compounds. Before the samples were loaded, the fiber was inserted into a GC injector (250 °C) and held for 1 h, according to the manufacturer's instructions. Each flower sample (2 g) was put in a 20-ml glass vial, capped securely with an aluminum seal and a Teflon septum, with 1-μl methyl laurate (0.87 mg/ml in methanol) added as the internal standard (the final concentration of internal standard in each sample was 0.435 μg/g). After a 30-min equilibration period at room temperature [(25±2) °C], the fiber was inserted into the capped vial for absorption (15 min).
GC-MS analysis
The system was a TRACE GC Ultra GC coupled to a DSQ II mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The GC was fitted with an HP-5 column (30 m×0.25 mm×0.25 μm, Thermo Scientific, Bellefonte, PA, USA). The GC-MS conditions were modified from Xin et al. (2013) . The injector was maintained at 250 °C, with a transfer line temperature of 280 °C. The ion energy of electron impact ionization was 70 eV and the scanning range was 40-450 Da, with the ion source temperature set to 230 °C. The flow rate of the helium (99.999%) carrier gas was 1.2 ml/min. Analytes absorbed on the fiber were desorbed for 3 min in the GC injector at 250 °C in splitless mode. The temperature isothermal was set at 40 °C for 3 min, and then increased from 40 °C to 73 °C at 3 °C/min, held at 73 °C for 3 min, and finally raised to 220 °C at the rate of 5 °C/min, and held for 1 min.
GC-O analysis
GC-O analysis was carried out using an HP 6890 GC coupled with an Agilent 5975 Network mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) and equipped with a sniffing port (ODP2, Gerstel Inc., Baltimore, MD, USA). The helium carrier gas flow was set at a constant rate of 1 ml/min. Samples were analyzed on an HP-5 column (30 m× 0.25 mm×0.25 μm, J&W Scientific, Folsom, CA, USA). Analytes absorbed on the SPME fiber were desorbed for 3 min in the GC injector at 250 °C. The GC effluent was split 1:1 between the MS and the sniffing port (Kang et al., 2012) . The injector and detector were maintained at 250 °C. The temperature program was modified according to Xin et al. (2013) and set to 40 °C for 3 min, and then increased from 40 to 73 °C at 3 °C/min, held at 73 °C for 3 min, and finally raised to 220 °C at the rate of 5 °C/min and held for 1 min.
In this GC-O study, assessments were carried out by a panel of three expert judges. Each sample was smelled twice by each panelist. Panelists were asked to evaluate the overall intensity of each perceived odor using a 5-point scale (0, not detected; 1, extremely weak; 2, clear and medium intense; 3, intense; 4, extremely strong). The olfactometric strategy used in this study was combined with measurements of intensity and frequency of detection. This method has been proven in many studies to be the least time-consuming and the easiest handling method to provide reliable results (Culleré et al., 2011; Ubeda et al., 2012) . The parameter known as 'modified frequency' (MF, %) was calculated using the formula proposed by Dravnieks (1985) : MF=(FI) 1/2 , where F (%) is the detection frequency of an aromatic attribute expressed as the percentage of the total number of judges and I (%) is the average intensity expressed as the percentage of the maximum intensity.
Component identification
Identification of the aroma-active and volatile compounds was based on a comparison of their olfactory descriptions, mass spectra, and retention indices (RIs) with the authentic standards and published data, as well as standard mass spectra in the NIST05. RI values were calculated using a homologous series of n-alkane standards on HP-5 columns. Methyl laurate was used as an internal standard for semi-quantification analysis. By comparing the GC-peak area of each volatile compound with that of the internal standard, relative units were used to express the contents of the volatiles (Kaseleht et al., 2011) .
Statistical analysis
The data were expressed as mean±standard deviation (SD) of triplicate measurements. One-way analysis of variance (ANOVA) with Tukey's test in SAS software was used to assess differences in aroma compounds among the three sweet osmanthus cultivars.
Results
Volatiles analyzed by GC-MS
The volatiles of the three cultivars are given in Table 1 , with the components listed in order of their RI on the HP-5 column. A total of 41, 48, and 51 volatiles were detected in HBYG, LYJG, and GCDG respectively.
Based on Knudsen et al. (2006) 's classification of aroma compounds, the volatiles of sweet osmanthus were assigned to terpenoid compounds, fatty acid-derived/other lipophilic flavor compounds, phenylpropanoid/benzenoid compounds, or nitrogencontaining flavor compounds. Terpenoid compounds predominated, while other compounds were typically present in smaller amounts.
The contents of volatile compounds varied markedly among the three cultivars. In HBYG, trans-β-ocimene (403.22 relative units) was most abundant, and its content was 9.11-fold higher than that of the yellow LYJG and 2.26-fold higher than that of the orange GCDG. 
Aroma-active compounds analyzed by GC-O
GC-O was used to investigate the aroma-active compounds of the three sweet osmanthus cultivars. The results are shown in Table 2 , with the RI, odorant descriptors, and odor intensities given as MF (%).
A total of 17 aroma-active compounds were detected in the three cultivars. Among these compounds, D-limonene, cis-β-ocimene, trans-β-ocimene, cis-linalool oxide, trans-linalool oxide, linalool, allo-ocimene, neo-allo-ocimene, cis-linalol oxide (pyranoid), α-ionone, trans-β-ionone, cis-3-hexenyl butanoate, and hexyl butanoate were common in the three cultivars. Some aroma-active compounds were present only in single cultivars: hotrienol and 1,2-dihydro-1,5,8-trimethylnaphthalene were detected only in LYJG, while γ-terpinene and 6-ethenyldihydro-2,2,6-trimethyl-2H-pyran-3(4H)-one were considered to contribute to the aroma of HBYG and GCDG.
trans-β-Ionone, giving violet/woody odors, was the major aroma-active compound of LYJG. Its MF value was 98%, much higher than those of HBYG and GCDG. Similar odors were contributed by α-ionone, with MF values of 59% in LYJG, 42% in HBYG, and 17% in GCDG. Note that the MF value of trans-β-ocimene reached 96% in HBYG, significantly higher than that in LYJG and GCDG. Linalool, with a typical floral odor, was perceived as the most important aroma-active compound, with the highest MF value (98%) in GCDG. Linalool-derived compounds, including cis-linalool oxide, trans-linalool oxide, and cis-linalool oxide (pyranoid), were identified as aroma-active compounds giving the green and citrus notes accompanied by floral and sweet notes in sweet osmanthus. 
Odor groups
To analyze the aroma profiles in the three sweet osmanthus cultivars, aroma-active compounds were divided into different groups based on the similarity of their aroma descriptors: violet/woody/fruity, floral, herbal, minty/citrus/orange, green/fresh, and other odors (Table 3) . Similar grouping methods have been used for aroma-active compounds in Citrus reticulate (Miyazaki et al., 2012) and Litchi chinensis (Mahattanatawee et al., 2007) . The sums of the MF values from GC-O analysis were plotted by groups of aroma descriptors (Fig. 2) . The similarity in green/fresh odors among the three cultivars can be explained by the similar total MF values of allo-ocimene, neo-allo-ocimene, and cis-linalool oxide (pyranoid). HBYG presented more herbal odor because its total MF values of cis-β-ocimene and trans-β-ocimene were higher than those in the other two cultivars. LYJG had more violet/woody/fruity odors, especially due to significantly higher MF values of trans-β-ionone, α-ionone, and hexyl butanoate. GCDG had more floral odor because of significantly higher MF values of cis-linalool oxide, trans-linalool oxide, and linalool.
Discussion
Different aromas have been perceived among three sweet osmanthus cultivar groups with different flower colors by human sensory evaluation (Hu et al., 2012) . Most previous reports have concluded that aromas of sweet osmanthus result from major volatiles with high relative contents. However, not all the major volatile compounds contribute to the odor of plants: aroma-active compounds are the key in aroma perception (van Ruth, 2001) . To the best of our knowledge, this is the first report investigating aromaactive compounds to explain aroma variation in sweet osmanthus.
As Xin et al. (2013) indicated that aroma characteristics in the same cultivar group had a high degree of similarity, three sweet osmanthus cultivars, HBYG, LYJG, and GCDG, each belonging to a different cultivar group and of major economic importance for flower production in central regions of China (Zhou et al., 2006) , were chosen for comparing volatiles and aroma-active compounds in this study.
The aroma of cultivars from the Albus group has been described as delicate and elegant (Zhu et al., 1985; Hu et al., 2012) . Cao et al. (2009) suggested that the high relative content of trans-β-ocimene produced these aromas. However, other authors have not detected ocimene in this group (Zhu et al., 1985) , but linalool and its furanoid oxides, with high relative contents, have been suggested as key aroma compounds (Jin et al., 2006) . Based on our GC-O and GC-MS analyses, we confirmed that trans-β-ocimene, linalool, and trans-β-ionone are the important aromaactive compounds in HBYG. Furthermore, some compounds with low contents, such as 6-ethenyldihydro-2,2,6-trimethyl-2H-pyran-3(4H)-one (2.20 relative Table 2 ) for aromaactive compounds listed in each aroma group category (from Table 3) units), γ-terpinene (1.60 relative units), and cis-3-hexenyl butanoate (0.99 relative units), also contributed to the aroma of HBYG. Considering our odor group results, the delicate and elegant aroma characteristics of the Albus group may be the result of the prominent herbal odors of trans-β-ocimene and cis-β-ocimene. These aroma-active compounds have generally been associated with the presence of herbal and grassy odors in leaves and stems of plants such as Schizandra chinensis (Zheng et al., 2005) and C. coronarium (Zheng et al., 2004) . The aroma of cultivars from the Luteus group has been reported as strong and sweet (Zhu et al., 1985; Hu et al., 2012) . In previous aroma studies of the Luteus group, α-ionone, β-ionone, and γ-decalactone have been considered as major volatiles contributing to the strong sweet scent (Zhu et al., 1985; Li et al., 2008; Cao et al., 2009) . In this work, α-ionone and trans-β-ionone, with high contents, were detected as aroma-active compounds, whereas, despite its high content, γ-decalactone in LYJG was not perceived as an aroma-active compound in GC-O analysis. Although the content of hexyl butanoate was low in LYJG (1.22 relative units), it was identified as one of the odorants with the greatest impact. The total MF values of trans-β-ionone, α-ionone, and hexyl butanoate in LYJG were much higher than those in the other two cultivars, and characterized by violet/ woody/fruity odors. The odors of these compounds have been reported in many fruits, such as Rubus fruticosus (Du et al., 2010) , Rubus idaeus (Klesk et al., 2004) , and C. reticulate (Miyazaki et al., 2012) , indicating that the strong sweet aroma impression of the Luteus group might be caused by these odors.
The aroma of cultivars from the Aurantiacus group has been deemed to be less elegant than that of the Albus group and less sweet than that of the Luteus group by olfactory sensation (Zhu et al., 1985; Hu et al., 2012) . Previous studies have stated that the aroma of the Aurantiacus group was less sweet than that of the Luteus group because of the lack of ionone (Zhu et al., 1985; Cao et al., 2009) , and that the level of delicate elegance was lower than that in the Albus group due to the lack of ocimene (Cao et al., 2009) . However, our GC-MS results showed that trans-β-ocimene and trans-β-ionone are major volatiles of GCDG. The herbal odors detected and the total MF values of trans-β-ocimene and cis-β-ocimene in GCDG were lower than those in HBYG, although trans-β-ocimene was a herbal odorant with a high MF value (71%) in GCDG. Violet/woody/fruity odors were lower in GCDG than in LYJG because the total MF values of trans-β-ionone, α-ionone, and hexyl butanoate were low. Considering that the characteristic plant aroma should arise from a mixture of several aroma-active compounds (Liu et al., 2012) , the less elegant and sweet aroma impression of GCDG might be due to the total MF values of aroma-active compounds which contributed to herbal and violet/ woody/fruity odors. Linalool and its oxides had not only high content, but also high MF values in GCDG. Giving a typical floral odor in sweet osmanthus, they have also been reported as giving floral odor in flowers of species such as L. nobilis (Kilic et al., 2004) and Wisteria brachybotrys (Miyazawa et al., 2011) . However, this floral aroma impression has not been considered in previous research on sweet osmanthus.
Color and aroma are two major characters of flowers, and they may be linked by shared biosynthetic pathways (Delle-Vedove et al., 2011) . As the aroma varied among different cultivars with white, yellow, and orange flower colors, there may be coloraroma associations in sweet osmanthus. α-Ionone and trans-β-ionone, which were the main aroma-active compounds in present study, have been reported as carotenoid cleavage derivatives of α-carotene and β-carotene in sweet osmanthus (Baldermann et al., 2010; . Han et al. (2014) have indicated that α-carotene and β-carotene are abundant in a cultivar of the Aurantiacus group, but nearly non-existent in cultivars of the Albus and Luteus groups. Here we found that the contents and aroma intensities of α-ionone and trans-β-ionone in cultivars of the Albus and Luteus groups were much higher than those in the Aurantiacus group (Tables 1 and 2 ). This potential association might be due to a faster cleavage rate of carotenoids in cultivars in the Albus and Luteus groups compared to the Aurantiacus group (Han et al., 2013) . Linalool and trans-β-ocimene were also important aroma-active compounds in sweet osmanthus (Table 2) . They are terpenoids, formed directly from geranyl diphosphate (GPP) via the isoprenoid pathway shared by carotenoids (Lewinsohn et al., 2001) .
Considering that most of the aroma-active compounds in sweet osmanthus are terpenoids, the coloraroma associations between carotenoids and terpenoids appear to have a major influence on the aroma impressions among different cultivar groups. Further research is needed on the color-aroma associations of sweet osmanthus.
Conclusions
The difference in aroma among sweet osmanthus cultivars was analyzed using odor descriptions and intensities of aroma-active compounds. The delicate and elegant aroma impression of the creamy-white flower cultivar HBYG was due to cis-β-ocimene and trans-β-ocimene, with high intensities of herbal odors. The yellow flower cultivar LYJG had a strong sweet aroma perception resulting from trans-β-ionone, α-ionone, and hexyl butanoate, which have higher violet/woody/fruity odors. The orange flower cultivar GCDG had more floral odor, imparted by cis-linalool oxide, trans-linalool oxide, and linalool. A comparison of GC-O with the semi-quantitative GC-MS results showed that aroma-active compounds are not necessarily the most abundant volatiles, and some volatiles with low content also contributed to aroma. GC-O analysis could contribute to more precise knowledge of the contribution of volatiles to aroma. Considering that most aroma-active compounds are terpenoids, the color-aroma associations between carotenoids and terpenoids appear to influence the aroma impressions. This study provides useful information on the aroma characteristics of sweet osmanthus for future commercial applications and breeding efforts, and will be helpful for further research on the relationship between color and aroma in sweet osmanthus.
